gsiB, coding for glucose starvation-inducible protein B, is a characteristic member of the 〉 stress regulon of Bacillus subtilis and several other Gram-positive bacteria. Here we provide in silico evidence for the horizontal transfer of gsiB in lactic acid bacteria that are devoid of the 〉 factor.
gsiB, coding for glucose starvation-inducible protein B, is a characteristic member of the 〉 stress regulon of Bacillus subtilis and several other Gram-positive bacteria. Here we provide in silico evidence for the horizontal transfer of gsiB in lactic acid bacteria that are devoid of the 〉 factor.
In Bacillus subtilis and many other Gram-positive species, the alternative sigma factor 〉 is responsible for redirecting RNA polymerase under stress conditions to transcribe a set of genes known as the general stress regulon (41) . In contrast, lactic acid bacteria (LAB) are devoid of a 〉 ortholog and they have evolved other types of regulatory networks (36, 40, 44) . Included among the genes of the 〉 regulon is the gene coding for the glucose starvation-inducible protein B (gsiB) (27) . It is well established that gsiB is activated under different stress conditions, including starvation and exposure of cells to heat, acid, ethanol, and high osmolality, etc. (9, 25, 27) . GsiB is of particular interest, since it belongs to the late embryogenesis abundant (LEA) family of proteins. LEA proteins were originally characterized in plants, where they were found to play an important role in the desiccation tolerance of maturing seeds and in vegetative organs under water deficit conditions (5, 42) . In fact, B. subtilis GsiB was the first prokaryotic group 1 LEA protein to be described (35) .
During our investigation of the plasmid content of Pediococcus pentosaceus ACA-DC 3431, isolated from traditional Formaela cheese, we sequenced and characterized plasmid pPS1. The protocols and the bioinformatic tools used have been described previously (4) . Based on its features, pPS1 is a new member of the pC194/pUB110 family of rolling-circle replicating plasmids (data not shown) and it carries two open reading frames (ORFs). orf1 encodes a replication initiation protein (Rep) which exhibits 93% similarity (E value, 1.0eϪ159; 100% query coverage) to the respective protein encoded by the pLTK2 plasmid isolated from Lactobacillus plantarum (23) . BLASTP searches for the orf2 product (128 amino acids) revealed an interesting similarity pattern. The most significant matches before the first nonbacterial protein could be classified into two categories. The first three hits were LAB proteins, i.e., a general stress protein (Gsp, corresponding to GenBank accession no. BAC99042 [direct submission]) encoded by plasmid pLS141-1 from Lactobacillus sakei LK141 (94% similarity; E value, 8.0eϪ44; 94% query coverage) and two identical GsiB proteins (corresponding to RefSeq accession no. ZP_06197568 and ZP_07367445 [direct submissions]) encoded on chromosomal contigs in the unfinished genomes of Pediococcus acidilactici strains 7_4 and DSM 20284 (93% similarity; E value, 8.0eϪ43; 98% query coverage). Remaining hits were also GsiB proteins, mainly from several Bacillales species (in all cases, similarity was Ն84%, the E value was Յ5.0eϪ17, and query coverage was Ն80%).
The multiple-sequence alignment of pPS1 GsiB with the related proteins mentioned above was generated by MUSCLE (17) and revealed a significant degree of conservation among these proteins (Fig. 1A) . It should be noted that in the case of more than one BLAST match from the same species, the best hit was selected for the multiple-sequence alignment in order to exclude putative paralogs. Detailed inspection of the LAB GsiBs identified five tandem repeats of 20 amino acids in each sequence, an organization very similar to that previously reported for the GsiB of B. subtilis (Fig. 1A) (35) . In fact, all GsiBs exhibited 20-mer tandem repeats in various numbers. The consensus sequence created by the WebLogo tool (14) for all repeats present in the multiple-sequence alignment revealed several highly conserved positions (Fig. 1B) . ProDom (29) under default settings recognized several protein family domains corresponding to two LEA_5 (PF00477) and up to five KGG (PF10685) pfam motifs in each of the LAB GsiB sequences. The LEA_5 motif is characteristic of the group 1 LEA proteins (5, 21, 39) , while the KGG motif is found in bacterial stress-induced proteins (33) , as well as in eukaryotic LEA proteins (42) . Furthermore, ProDom analysis of the sequence comprising the most conserved amino acid positions in the logo of the GsiB tandem repeats (i.e., GX 1 KGGEATSX 2 NHDKEFYQEI, where X 1 is R, E, K, Q, or H and X 2 is K, E, R, N, D, Q, or S) demonstrated that each tandem repeat is essentially part of the LEA_5 motif and includes the KGG motif (data not shown). In addition, the four LAB GsiB molecules each exhibited a significant hydrophilic index between Ϫ1 and Ϫ3 over its entire length, as revealed by the KyteDoolittle hydropathy analysis (performed at http://gcat .davidson.edu/DGPB/kd/kyte-doolittle.htm) (16) , and a high glycine content ranging from 15.2 to 15.8%. Our findings clearly suggest that LAB GsiBs belong to the hydrophilin-like superfamily that today contains diverse proteins (including all LEA groups) whose putative assigned function is to protect cells under conditions of dehydration (18) . The in silico prediction of the existence of the gsiB gene in the pPS1 plasmid was further verified by reverse transcription-PCR (RT-PCR) using primers 5Ј-ATGGCTAAGAAAGATAACGA-3Ј and 5Ј-GAATTGGCTTTTCCGCCT-3Ј (data not shown) as described previously (4) . Predictions concerning the secondary structures of the LAB GsiBs were inconclusive. Different pre- dictors (e.g., PSIPRED [22] and Jpred 3 [12] ) returned contradicting results, supporting both unstructured and highly structured organizations for these proteins (data not shown), which coincide with the current debate on the actual structure of hydrophilins (5, 10, 18, 19, 42) .
To gain more insight into the origin of GsiBs in LAB, their evolutionary relationship to other GsiBs was investigated. The multiple-sequence alignment shown in Fig. 1A was further curated with Gblocks using default parameters (11) , and the phylogenetic tree of GsiBs was calculated by PhyML (20) with the WAG substitution model and the 2 -based parametric approximate likelihood-ratio test (aLRT) for branch support (3). The analysis was performed with the Phylogeny.fr pipeline (16) . LAB GsiBs formed a separate clade within the phylogenetic tree that was fully surrounded by Bacillales-derived sequences ( Fig. 2A) . No other sequences belonging to LAB could be placed within this phylogenetic tree, since even a PSI-BLAST search for GsiB did not return any additional LAB homolog, even distantly related. While the phylogenetic distance between the LAB and the Bacillales species carrying GsiBs is obvious, the close phylogenetic relatedness of the GsiBs suggested some type of horizontal gene transfer (HGT).
To assess HGT, we employed T-REX, a program that identifies topological violations in a gene/protein tree in relation to the respective species tree and calculates the possibility of HGT events during the evolution of the considered organisms (7, 26) . For this reason, we constructed the 16S rRNA gene phylogenetic tree of all strains presented in Fig. 2A (Fig. 2B) . Full or partial 16S rRNA gene sequences were retrieved from the Ribosomal Database Project website (13) (38) , and the alignment was curated with Gblocks under settings for a less stringent selection (11) . The phylogenetic tree was constructed with the neighbor-joining method (34) and the Kimura 2-parameter substitution model using the Phylogeny.fr pipeline (16) . Branch support was estimated by bootstrapping (1,000 replicates). T-REX analysis using the detection mode of several HGTs by iteration and the optimization criterion of bipartition dissimilarity (8) predicted HGT routes that could resolve the differences between the GsiB phylogenetic tree and the relevant 16S rRNA gene sequence species tree. Among these routes, we identified one that could mediate the transfer of gsiB from the Paenibacillus clade to LAB and the dispersion of this gene from the pLS141-1 L. sakei plasmid to the chromosomes of the two strains of P. acidilactici (represented by arrows in Fig. 2B ). A number of scenarios for the gsiB HGT among Bacillales were also predicted, including the transfer of this gene from Bacillus to Paenibacillus species (data not shown).
The HGT between Paenibacillus and LAB was also supported by further analysis of pLS141-1. The most significant matches in the BLASTP analysis for the pLS141-1 Rep protein (in all cases, similarity was Ն88%, the E value was Յ4.0eϪ81, and query coverage was Ն94%) were used to construct the phylogenetic tree shown in Fig. 3 with the same methodology used for the pPS1 GsiB tree. Among the evolutionary partners of the pLS141-1 Rep, the majority of which were of LAB origin, the Rep proteins encoded by the L. sakei plasmid pLS55 (1), the Paenibacillus larvae plasmid pMA67 (30), the Sporosarcina ureae plasmid pSU1 (corresponding to RefSeq accession no. YP_003560375 [direct submission]), and the Bacillus sp. strain #24 plasmid pBHS24 (32) could be identified (in all cases, similarity was Ն89%, the E value was Յ8.0eϪ99, and query coverage was 99%) (Fig. 3) . The aforementioned plasmids, i.e., pLS55, pMA67, pSU1, and pBHS24, are practically identical (with fewer than 10 nucleotides differing over their 5-kb lengths), and they carry the tetracycline resistance gene tetL. Importantly, the partaking of the pLS55/pMA67 replicon by both P. larvae and L. sakei has been suggested to account for the HGT of the tetL gene in these species (30) . Since the replication backbone of pLS141-1 is similar to the pLS55/ pMA67/pSU1/pBHS24 replicon (data not shown), the plasmid is a perfect candidate as a Bacillales/Lactobacillus vehicle. Such an intraspecies vehicle, able to overcome the species barrier, is a prerequisite when HGT is mediated by plasmids in bacteria (37) . pLS141-1 could have acted as an acceptor of the ancestral gsiB in Paenibacillus species. Transmission of pLS141-1 to LAB may account for their acquisition of gsiB, which could have further moved by recombination events to the chromosome (e.g., in the case of the gsiB genes of P. acidilactici strains 7_4 and DSM 20284) or to plasmids (e.g., in the case of gsiB of pPS1). In fact, Paenibacillus and LAB species coexist in several ecological niches, including food matrices like milk or dairy products (15) , and thus HGT among these bacteria is feasible. Furthermore, it has been suggested previously that gsiB was transferred to B. subtilis by HGT from plants (24) . In our opinion, the acquisition of gsiB by B. subtilis through HGT is also supported by the fact that the gsiB gene is absent in the species of the Bacillus cereus group (2). Consequently, LAB GsiBs seem to be the endpoint of a domino of HGT events that started from plants. Finally, inspection of the LAB gsiB sequences revealed that no 〉 promoter (31) could be identified (Fig. 4) . This finding shows that irrespective of the underlying evolutionary process of gsiB acquisition by LAB, the 〉 promoter was rejected, since it would have been useless for regulating the expression of the gene in these bacteria that are devoid of a 〉 ortholog. It should be emphasized that no phenotype is as yet associated with the gsiB B. subtilis mutant (28) and heterologous expression of plant LEA proteins in Escherichia coli results in only a moderate improvement of its ability to grow under salt or low-temperature stress conditions (43) . To the best of our knowledge, this is the first report concerning the identification of a putative GsiB in LAB, providing in silico evidence for the existence of group 1 LEA hydrophilins in these bacteria. We are now investigating the functional role of GsiB in LAB stress physiology.
Nucleotide sequence accession numbers. The annotated nucleotide sequence of pPS1 (2,721 bp) was deposited in the EMBL database under accession no. FN869858. The partial 16S rRNA gene sequence of P. pentosaceus ACA-DC 3431 was deposited in the EMBL database under accession no. FR714835.
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